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A13STRAC’r

I’l]asc locking of a IIigl) power ])ulscd gyrotro]l  oscillato~ tf]l ougll tfm use of R quasi-optical circulator m,~s
invcsti:atcd. A S(ICOIICI  harmonic gymtron  which fcata  ms a nod tom} ~k!x ca~it ~,, o]wrating  at 34.5 G1lz, Mm
usd ill tlw cx]wrilllcnt, ‘1’llc quasi-o] ~ticd circulator consisted of a 5.75” dialltctcr  fmritc  disk biad wit]]  a
one kilogauss ])crmallcmt magnet,. A ~)cdarizing  grid W:LS used to separate t]lc il]l)ut a~ld out~,ut signals in the
circulator. III order to COU])lC  tllc g,yrot~on  oscillator output  cffi(icnt]y to t,llc q[la,si-optics] sysknn,  a l]umbc,r  of
lnodc mllvcrtcrs,  ‘lllt~):~-’lTI’;[)2,  ‘1’ICI)2-’11F,[JI,  ‘1’I+;oI-’1’M1I,  and ‘I’MII - IIF,l 1, ]fmc rcqu ircd. ‘1’IIc insd ion loss of tkc
(’il(’UlatOI’  a n d  I 1 1 O ( ] C  COIIVCI’k!l’  C]ltljll  WaS aJ)])I’OXiIll~tC!]_y  ] d]],  N](]  all  kO]atjOll  f7X(’C!(!djIlg  25 d]] WIS EIChjC\rCC1.  111

aclditioll, a low ])ow,cr WJ{,28  wa~’cguic]c  isolator v.ms inswtcd  in tllc injcctiol] si:lla]  ?)ath, ]movidilig al] additiol)al
35 d] 1 c)f isolatiol],  for a total isolatiol! of (KI  dl 1. ‘J’lw injcctiol  1 signal was ] n ovidcd by a  syn thes i zed  signal
gcllcrat  or and a I (K) Watt travclli~lg  wave tube amp]ificr. A sanll)lc of tllc .gYrt,t I on out l)ut signal was obtaild
throug]) al] additional l]orn al)d mid with a samp]c of the injc(tioll  signal, I)loducing  a diflcrcllcc  signal, ~’llc
illjcctioll  signal v’as swc])t  slowly tllroug]l  a klIowlL frequency ran:,c  while: tlic diflcrmlcc signal was TCCOKICC1. ‘J’}Ic
rccordcd  signals  wcm analyzd ofl.lillc,  and the lcding handwicft]l  was clctcrlllillcd. Ex~)crimcnts  vwrc ])crformcd
for illjcct iol~ ]mvcrs  fron) 0-60 Watts, and a gyrot ron out put pov+ cr of a] ,]]roxil  flat cly 80-1 ()() Iili’. Pl]asc lockilkg
was ohscrvcd for all llo]l-zero illjcctioll  ]mwcrs.

1  INTRODUC’HOR

‘1’lle lwncfits  o f  l]igll ]mwcr lnillilnctcx  wmc  radiatiml  for usc i~) comll)ullicat ion find radar  systcllls  a r c  WCII

klloI\rlI.  J{uw]t  ly a frcqucllcy  allof:atioll IIcar 35 GIIz l]as b e e n  IJladc  for dce]] slmcc co)nlnullicat  ions il]cludiltg



bands  for botl] s]mcecrafl ul)lilllc al]d downlil]k, ‘J’raditio]]all} tllesc Imllds ltavc also bcw]~  uscxl for ])lallctary
radar, a]l(l for radio sciwlcw cxpcrilnmts wit])  dcnp s])acc j)rol.m~. For ]iialiy rada]  al]d radio  scicmcw cx])crirnmlt,s
IIigll  ]KIR7C9 u]dil]k sip,l]als,  0]] tlIc ordm of ]lUlldJ’C!dS  of kilowatt> CW , arc at t 1 act ivc. l’rc.smltly  no .anl]diflcxs  arc
a v a i l a b l e  for I)roduciltg  suclI  u])li~lic ~mvrcx  lCVCIS  at 35 ~TIlz. ‘J llcre ar( llmmm gyrotrol]  osci l]ators  ])roducitlg
u]) to 200 k\iJ Cvl’ at 28, 35 , alId GO <+}Iz. ‘J’IIcw oscillators, dtvclo]md ]jrill]al ily for I’X31{II  IIcmtillg of ]daslnas
ill fusion reactors, llavc )lot, SC,C1] widcx]nmd  a])])licatioll  out,sidf,  t,]lis fic]d, 011( ]]riluary rcaso]l is  that, t,]~ey arCI
illdccci o sc i l l a to r s ,  il)cf)llcrmt sourcm of radiatjioll  l{adar systc IIM, I]al Liculztlly tlmc uscxl for ])lauctary  radar
lmlg tern]  stal)ility  duc b tl)c large round trip light titilcs  illvollwd, scnwal  l)OUH for a radar stuc]y of Satur]l’s
ril]gs, for cxamI)lc.

1]] vicwv of tltc lack of anl]dificrs availab]c at 35 Gllz, and tllc :Lvailabilitjy of p}fmtrol]s,  H study }vas ulhntalcml
tc) dc:tcr~llilw  wlwtlmr  a]i il~jcction locked .gyrotron  oscillator could mcwt tlw ])c]  ff)rillal]ce rc$quirmlwnts of a radar
syst Clli 01 a Yadio scicllcc cx]wrilt]cnt. 1 of ])riutary co]]ccnl  is tllc availal)]c  tmlld\vidtl! over wl~icll the oscillator
can Ix’ locked. l’lallctary radar Sysicmls require aljlmxinlatcly 1(1-20 N411x of !.)alldlvidtll wllilc smnc radio Scie]lcc
cx]minlcvis a r c  ]1]11 mscl]tially  (N’, I)ut rcquirilg very liigli 1011: tcrla stal)ilit~’.  };O] sl]cl] a])l)licatiolls  it a]}}mars
tflat a]] i))jcction lockcx] gyrotroll  is a viable sourcc.

N e x t  LIIC  tccllllical  }woblmn of designing a systcm ca])ablc ( ,f injczt iml lockil)~ a gyroircn)  was c.onsidcmd.
1 ‘rmious  work ill tl~is area cwJploycxl com’cnltional waw:gu idc circu] ators,  al]d wws suf[i(:imlt  to dcmollstrat,c  locking2
ill a ]mlscd  systc~l]. Sucl] a systcm is not scalaldc  to 200 liW C\\T, lmwc~rc~.  I)ractical  I) N)IJICJIIS  include cooli]lg
tllc circulator, aTId dwilil]g wit])  tllc fact that gyrotrmls  wnit thci) out]mt  ]mvcr  ill IIighly ovcnmlodcd  wavcguidc:s
lvl]crc comultiollal circulators cal[uot  h cm]doycd. In order to cil culm~cv  It tllcst ])rol)lcJf)s  a l]cnv aI)proacll, using
a qu(asi-o])tical  circulat,c)r:{ to iscdatc tl]c il~jcwticm al)cl c)utf)ut sig]l;lls was considmcd.  ‘1’llc: qua. si-c)])tica] circulator
cm] bc scalccl tc) vc~ry l~igh ])cnvcr lCVCIS, a l)d opcmtcs  in frcx sI)ac( as o~)]NH,d  to i II a wavcguiclc!, thus clilnillating
tile ]woldcwls  associated witfl co] wcmticmal circulators.

III this pa]mr wc clcvmibc: a joint, cxlwrinlcnt, Mivccu tl]c Jci 1’] ()~)ulsio)]  I.aborat  ory (J1’L) and tllc’ lnstitutc for
l’lasllla  l{cscarch (11’1{)  at, the LJl]ivcrsity of h4aryla11cl in which a ])lIIscx1  scco~ld }Iarllml]ic  gyrc)trcm  c)pcratiug, at 35
G]lz  wws i)ljcct icnl lcwkccl to a lo~v ~)cmm syntllcxizcd soul cc using a quasi-o]  iica] circulator. ‘1’lm circulator, mock
co]n’crtc!rs,  bcmtn wavcguiclo systcm] and iltstr[ll~lc~ltat,ioll \vc!rc prcn’iclc’c]  by J] ‘1,, u’lli]c t,hc: gyrotrc)ll and theoretical
l)rcciic{,ic)lls were llalldlc,c] by 1 I’R. ‘1’IIc cxj)crimcmt,  dcunollstratcs  f~m tflc first time injection lc~c.kil%  of a gymtron
u s i n g  a  qua.si-o])t,ica]  circulatcn.,  ant] is also tf)c’ first relmrtcxl  i]]jcctioll lc)ckillg of a scccmci l~armollic  gyrotrcm
by any lncans.  ‘1’IIc fc)llowi]lg  scrtiom will clc:scribc tflc cm]wrime)lt  al Configurati[nl,  ~[)i~~illg dc:tai]s rcgarc]ing  CMCI1
C[mllmllcnlt,  tllc thc!ory govcrl)ing  t l]e cxl]c!rimcnt,  al]d the c:xpcril  I jcnhal rcsult,s.

2 13 XPERIMENTAI.  CONFIGURATION

‘.I’}Ic:  ~xl)clilllcl]t:~l ccnlfiguratio]l  clcy]ictccl ill blc)ck dia:,ram  forjl, ill P’igurc 1. .4 lmr ]mwcr sigll:il is aml)lificxl
al)d feel tl)roug]l a cc)l]vmlt,iollal iscJator  and quasi-optical circulatc!r into tl~c gyrotroll.  Salnl Jcx of the: injection
s i g n a l  n]]d llig}l ]mwer outl~ut sigual arc’ ccmpared  using a mixer a)lcl cxalnil]w]  f(l] ])hasc  locki]lg bcllavicm.

‘lllLC ~~llysic.al layout of tl~c m]m-ilnmt is SI1OW]I  in FiS,urc  2, Tl}e injcctim) si[~rlal  is lau~lcllccl illt,c) tlic ham
wavcguidc  systcln  usiug a cmmmt,iol)al  110111,  It, is focused by all c:llll)soicl, a]ld ~)olari7,cd ill SUC1] a ciircctioll as t,c)
r{tficct ofl a ]mlarizillg  grid. ‘1’llc signal then  passc:s t]]rougll tile F’ari~clay rot atc}r ~!l~crc it uljclcrp,ocx 45 clc:grecs of
]mlarizat,ic)j]  rot,at,icm, It is t,llcll foc=usscd iut,o tflc cnci of the nlode cc,l~vcxter chai)l col]licctcd to tl)c g,yrot,rm. ‘J’lIC
illjc:ct.iol) sigl]a] t]]cvl  enters tllc gyrotroll  ca~rity al]cl ]hasc locks tlJf’ lligl] ]mwc’1 sigll[l] c>]]litt,cd by t]lc gy’otron.
‘1’his ]Iigl] ])c)~icv  outj)~lt  sig}la] t])c,]]  IELSSCS hack out t]lc JIIOC]C  com’crtcr  c]]ain a]ld tlllougl)  tllc l~araday r o t a t o r
tvllc:rc’  it ulldcngcms  a]) adclitimlal 45 dc:rczs o f  ~)cdarizatic)n Ic)tation. A t  tl]is ])oiut tlw lligll ])oww  siglial i s
])olari7,cxl at M) dcf:rccs to tllc illjcctiojl signal, and IICHICC  it ])asscs t IIrc)ug,h t,lIc ~)c)laI  izi]lg grid. ‘1’lIc  quasi-o] iica]
c i r c u l a t o r  acllicvcc] 25 d]] of iso]atioll frc)]l]  34 to 35 GIlz,  ‘1’lIc mc;tsurc:d i]]sertio)]  ]OSS for t}ic l) CaIII lravcguidc



SyS(CIII  illcludi])g s])illover  loss, lIorl) loss, ]IIode Cmmwkr  10ss, ] cflmt ion aIId t I a]]s]])issio]l  loss ill t,l]c If’araday
rotator, a]]d alignl)lmlt, loss was nI)])mxillmtcly  1 d]].
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2.1 C+yrc)tron

‘J’]le gyrciroll  used for t]]is exlwrilnmlt is a G>’-32 sccoIId ]larll~(llic gyrotloll’i  c][l])loys  a unique ccnn]jlcx  cavity
w})ic]l  ]Jrovidm  }Iigl) (Jllt,lJu(,  ]J]odc ])urity ,  and stat)lc, cfiicicnjt II:irnlol)ic o]wrat iol). ‘J’l Ic gymt,ron’s operating
Imrallict,crs  for this cx]mimcn}t, arc sl]owl)  in ‘J’aljlc  1

F ‘“--- -----::l’arameter ‘-
IIanno]]ic Numbcr-r ‘-:”:””-------’1 lcanl Vo]tagc
1 lcam (hrrcmt

‘]hblc  1. GY-32 opcrati]]g  I)[italnct,crs

2 . 2  Moclc Convcrtel’s

Asca]i l~csc(:llf]c)ll]rJ’al)lc  l,tllc(~Y-32  cllliLs itsraclititic)1J  illtllcrl’l;[l:,  ]l]odc lftllc~)o~i’cli  stc)illjcctcclil  lto
tlw Iwanl wavc~uidc system asslmvn  in Figure  2, it, mus(  bc ill tllc form of a (;aussial]  hcam.  ‘J’lallsforll)atioli  of
tllc ‘J’}<;():{  ]t)odc illt,o a Gaussial)  bca)l) is ac}licwcd thrcmgll  tllc usc (If scvera 1 lJlocic co])~rcrters. 1 )UC to geomctrica]
and lllccllallical  considerations a IIlodc convcrtcr  systcm similar to that considered I)y ])oanc!,  ~ w,m cmp]oycd.

‘J’lJc 1.970  inch dialljet,er  out,])ut wavcguidcofthc  gylotron  was ncmlillearl~r ta]mcd to 1.400 inches, ~vhcrc a
4 rip])le ‘J’l’;(l:i-’l’E(12 mode! convcrtcr  was inscrtecl. A furtllcr  ta~m to 1.00 illcllc,< ill cfiatnetcr  was included and
followed by a 4 ri])plc  ‘1’JtOZ-’~I~ol  mode commt,cr. ‘1’hc  conversion cfficimlcy of tllcsc  dc~’ices cacll cxccccfccl 96
lmcm]t.  ‘J’lwgui&\vas t.lm]] bent tl]rough  al! ang,k’of 54,5 degmsovcr  an arc lmp;tlJ of 20.() illcllcscoll\~crt,illg
tllc’l’l’;(ll  ]JIC)ClCtC)tllC’J’hi ll mode. Si~)cetllci )c~~(lt  lsc[las  il)~lsoicltil  ctlrl~itt (lrcclistr il)lltio~l  ratflcrt llallac oustant
radius of curvature an Cfliciellcy of 99.9 ])crccllt w’as achicvecf. l~i)lally  a corrugated ‘J’Ml~-llH~,  modccol)vcrt,cr
al)d IIorll asscnlldy  was usccl to gmlcratc  a ~,auss ian bc:Ltn witlll t IIc correct \raist  size to coul)lc into the beam
Ivavcguidc  systeln, ~ ‘J’]lC~ *l,cas~lrC(]  radiatio~l pat,t,crll at, t]]c o~lt,pl]t oftllc n(ode col)vcrtcr  chain  is SIIOW1l in Figure

3. Excellmlt  symlllctry,  low sidclobcs,  ancl llcgligib]c  cross polarization were Ol)sc,ll,cd,

2 . 3  ].ocking Soumc

‘J’llc loclii])g  signal was ])ro~ridcd  ])y a 11’iltroll  67401-1 synthcsi~cd signal generator and a 100” llTatt tra~wl]ing
~vavetul)c al~l]dificr.  Alt]mugli  botl] colll]mlcnts  aleca])al)lcofo])(,latillg  (N’, tli(} were pulsed for this I)arLicular
ex]mrin]mlt.  ‘J’l]c  sylltl)csizer  was triggered to ste]) across a sl)ccificd frequency rall~c autonlatical]y at the start
of cacl] m]wrimmt.

2.4  Wavcguiclc  I s o l a t o r

111 ordm to ])rovidc additiolla]  isolation beymd that of t hc qu:, si-c)])tica] cil clulator  a convclltiona]  low l)ov,’cr
IValrcguidc (11’1{28)  isolator  \Yas il)cludml ill tllc illjcctioll signal ]mt 1), It ])r[n,idcd all additional 35 d]] of isolation
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throughout, tllc frcqumlcy ran~c of the Cx]mrimcnt.

2 . 5  IIcam Wavcguidc Systcln

‘J’llc illjcctioll  signal and l]igll ]mvwr  ~yrotrml  signal arc launched  into a ha]]) Ivavcguidc systc]iI consisting
o f  two clli]moids  and a llumhr of flat lnirrors. ‘1’lm ellipsoids tire clesigywd for a (;() degree ang]c bctwcwn the
incidmlt al)d rcflcctcd  bc.a]lw. ‘1’}w lnirrors,  injection llor)l, a]lci gy) ot,ro)l  nlode co] 1~’crtcrs :irc dmigncd  to km]) tllc
sl)illovcr  10SS past, t,ltc two clli~moids  u]idcr 2%. O]Ie focal lcngtl] of each elli Ixswi(l  is 24 inches and this focal ]Ioint
is locatcc] at citllcr  t,llc ])l]asc  ccnltcr of the injection honi  or the ‘I’MII-}IF,  lI IHodc cmwcrtcr. ‘J’hc second focal
lcll~tll is 48 illcllcs, mJd this fbc.al ~millt is locaicd  in the ccntcr  0! tllc quasi-o]  tica] circulator for both  ellipsoids.
‘J’IIIIS the two clli]m)ids focus  t]lc gyrotron  out])ut  signal ZIIICI the illjcctioll  signal to tllc salnc jwint  ill the ccntcr
of tllc ferrite disk/lllagllct  colnhinat,ion.

2,6 Polarizing Grid

‘J’lic illjec(iml sigllol is ~wlarizcd so tl]at it reficct,s off’ a ])olal izing grid af(cv hill: focused by the cllijm)id,
‘J’lw .glid wws falwicatcd  by ~)rintillg ().[)()615 inch copper stri])s 0110.0123 illcl] c{,llt crs m] a (),189 inch thick disk
c)f fuzwl quartz,  Si~)]als ]mlarizcd ])crl)clldicular  to the strips pas: through t II(I  p,] id \\’it l] negli~iljlr  rcflcctiml,  It
sl]ould bc Ilotcd t,llat IN arcing v,as olxsmvccl ill tllc gricl for signal< ICVCIS  u]) to :if least N) k\V ]mak.



2 . 7  Faraday Rotator

‘J’l)e hhradtly  rotatiou ]xir( of tl]c circulator consists c)f a 5.75 il]cl~ dialllotm  (Iisk  of ferrite lnaterial,  ‘IialISrJ’eCli
G-4259, IJias(xl wit}l  H 1 kilogauss Nl)l’}t Imlllalmlt Il,agnct.  ‘1 ‘Ilc Lhichlcss of tl]c disk was CIIOSCI1 to I)c 0.344
illcbes, ])rwdllcillg 45 dc~recs of l’arad:iy ro ta t ion  as  tllc Inicrowavc  Lealn as it ]mscs  tl)roug]]  tllc disk. 10Ised
quartx ltlatclli])p, l:iyers of tf)ickucss ().()425 illclles were cnlployed on cacl] side of tllr ferrite  disk ill order  to matc]l
to fm’-s]  )a(’(’.

2.8 JllstjI’lllllclltatioll

A sa~l)])le of tflc gymtro])  out ~)ut ]mwer  was obtained tllrou::ll  a snjal] llm ], Itriir  tlte free s]mcc load. ‘J’his
sigl]:l] (~llt,er(~c] t]]c test I)ort, of [I Il]ixcr, and was mixed u’itll the injectiol) si~,lm]. At tlw lnixm outImt  ]mrt tllc
illstallt:ll]cc)~ls ]JIIase difl’crcllcc  lwtweell tllc test and reference si[,,llals is t IIus ol}t ail]c(l, ‘J’llis signal is fed i]lto a
I,eCIoy 93141, 1 ()() hfs/s digitizill~  sco]w, and tllc sco]w d:it,a was in turn  cxt rtlct (d by a tom] )uter a]ld stored for
later analysis,

3  THEORY

III t]lis scctiml a snort, sumlllaly  of tf]c tllcory  .govcrni~lg  this cxlmimctlt is gi~ml. A detailed dcrivatim~  of the
equatio]  m and a discussiol~ of tlw effect of beam voltage  stability may 1.JC foul]cl i] t GOU ctal.7

3.1 Adler’s lk]uation

‘J’lIe  Iockillg efk:cts to hc lneasurcc]  by tliis  m]mri]l}ellt  arc des{ribcd by AdkII’s cquatiolll~

[----”1’,,,
Af =- ~’)\ 7<:; , (1)

(i. 15. 30. a]]d 60 \17atts for l,l]c cxlwrill]cnt,s
]mrfor]]led.  1{,,,, is tljc ~yrotro)] c~ut])ut.  ]mwer wl]ich  is assumec] to be 100 kl~’. ‘1’IIc lmnilial f requency of  the
g~mtron,  f{],  is 34.52 Gllz, a]]d Aj is tile jull locking, hldwidth. Finally, Q is tile cxter))al  quality  factor of tllc
gyrot roll cavity, a]d is assunwd to be 2500.”

A silll])lc forlllula ah exists for tllc ]~llase diflcumlcc bctw’cen tllc illjcct,iml all(l outj)ut  sigl)als over tllc locking
I)alldwidt  11.

‘“(f) ’arcsi]l( MA+’)) (2)

‘J’l]is for),ml+l  il)dicat w t}lat t lIe hkinp,  ]dlasr  mtatcs from -90 dcgrws  to + 90 clcgrms  as .f s\viIlgs through the
full l(xk lmlldwidtll,  Af/2 < (~ - f(l) < Af/2, Sillcc IK) dforL  \\’its  ~liadc to IIlatcll tllc lm~g(l]s  of t))e i n j e c t i o n
salll])](’ <I]](] ollt,]):lt, S:I)IJ])]C li,{l~,c,g(lides  tflc observed plla.w difl’ercn(,e s]lou]cl  lwgill  al SOIIIC arl)itrary  \Till]c 14’I]CII
!orkillg is first ac]]ieved aIId tflc]l t ravcrsc IN) degrees as tflc frequm,  cy of tl]c i]]jectio]) signal is swe]jt through tllc
fllll lo(’liillg Im]](lwi(ltl]. ‘J’}]is rc]:it iol]sl]i])  ~vill lW imj)ort ant in dcmo]lstratill~,  that ]JIIasc lockil]g lvas acco~n])lisl]cd



.

during  tlic cx]m’il]wllts.

3.2 Tl]corct,ical  W a v e f o r m s

‘1’IIc lock ra]]gc is dctcrnlil]cd  l)y swcc~)illg tllc syntl]mimr  flcqucllcy, j,, across 1 lic llolllillal  o~)cratillg  frcqucl}cy
of t IIC gyrot roll, .j_(l, nl)d vicwillg tf]c difl’t:rc]lcc frcqumcy,  Aj, fmltl the lnixcl. ‘J’]J(I )Ilix[r ~,o]t;ig,r s~villgs bCt WCC]]
-1 V ~,c)lt,s and . V vo]t,s  as t,]iC ~~]~as~ diflcrCl~CC ])ctwc(:ll t]lC t,cst, a]ld rcfcrollcc sip,llals  s\t’illgs  Mwccll (J and 180

(lc~rccs,  and tl~c mixer out])ut is () volts wlml  t)lle sigwds am ill l)lljisc  quatirat  Ilrc, 90 dcgrcc’s :i]mrt. ‘J’]](’  al’cl’a~c’

value of t IIC pllasc d iflcrcnce IAwccl]  the rcfcrcllcc find test sigilal’ owl a p;ivm] ]JIllsc is cstin]atcd  I)y com])uti]]g
tllc avcra~c of a sd of sal] I]JCS  takcm froll]  tllc ccnt,cr ]mr(  ion of t,llc diflcmicc  ])(IIsc,

Wl]c]]  t I]c diflcrcllcc  frcqumlcy is large, HIa]Iy  cycles a])lwa] act 0ss tllc ])u]sc and t hr aver< age volt agc is nm.
W’lICII tile two ill])ll( frcqumlcics t<) the mixer arc close cnoug]l so that 1)0 sip,]lificallt  pmtioli  of a cycle al)lwar’s
across tllc l)ulsc a fil]itc average voltage lwtwccm -{ V a]l(l - \J is f’(,~~]l(]  fol t,],[~t  lja~tiC~llal l)ll]sc.  If t,]lc illjcctioll
sigl~[~]  is  s o  C]OSC to t,])c  gyrotmn  frcqucllcy t,llat t,hc dif[cmlcc  is  IIot K!solwil  )1(:’ ()\’cl the ] )lIISC’  k!l)gth, hut  tllc’

gyrotrml  is not, Ihasc Iockc(l with tlw illjcctio]~ signal we umld CXI mt ulworrclat  w] ]Jlta,sc (a~’cragc  Imlsc voltage)
fl’olll  ])111s(’  to ])111s(’. ~~~],cl,  t]lc gyl{)t,lc)ll is illjcctioll  ]oCk(,d V,,C cxl)cct  t,]]( ])] IIIs( to r:illll) t IIrougll a 1 N) dcgrcc
ra]lgc as tllr lockillp, lmlldwidtll  is travcrsd.

All cxa]nl)lc of t.llc cxl)cctcd  avcrap,c  voltage results mm tllc tllrcc  rcgimls, (llip,}l  frcqllcvlcy Imat l)otc, UIICOJ’-
rclatcd  ~)l]a.sc  diflcwv]  cc, aIld ] Jmw ]ockcd),  is sliowu in Figure 4. 1)) addition t{) tllc average j)llasc of tllc ]~u]sc,
tlic st:indard  dm~iatioli of tllc ]nixm voltag,c (])ulsc  plmsc)  is also illcludcd oll tllc IJlot. ‘J’llis statistic is also of aid
ill dctcrll]il)ing  tllc lock ra]~gc. \l’IIml ]na]ly cycles a])])car  across tllc pulse tllc standard dc~riatioll is hi:]],  it is
10IV  uIIdcr locked co]lditimls,  rc~ardlws  of tlte ])llasc of tlx: l~ulsc.

● MIXER VOLTAGE (PHASE DIFFERENCE) (AVERAGED OVER PULSE )

x STANDARD  DEVIATION  OF THE MIXER VOLTAGE OVER P U L S E
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l’igurc  4: Ex]mt cd ])llasc (Inixc]  vo]tagc) versus illjcctml fwqllcncJ.
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4 EXI’ERIMENTAL RESI-JI,~  ‘S

in all, 16 sc]mratc  cx]milncl)ts were ])crfcmncd,  2 ccmt 101 cx]m  i~ncllts  wit])  t IIc illjcctiol} horn tml]illatcd, 8 at
full ]mvcr  (60 Watts), and two at each of threw rcciuml  power ICVCIS,  (30, 15, aIKl (i U’atts).  lb mch  cxperimcult
2~() ])U]SCX  w(’rc  (’al)flll’~’(i  ]](::]] t]l(’ cc!])l{:r  of tfic lock l’allg,c  for ]atcr  aua]ysis. ‘J’llc sy~itl)csizcr  was swc],t, across a
1() MIIz ra)l~c in 60 seconds, ald  tlm ]mlsc rcqmtition frequmwy  WfLS 43 117),  colrt’s])oll(lillp,” to a frcqucllcy  stc]) of
3.876 klIz  Im ])ulsc.  ‘J’llc ])ulsc  wavcfonns  were salnplccl  at, a rate of 10 salll])lcs IX] ]Iiicrosccolld, a]ld the cffcctivc
])UISC width  was 4 II}icroscconds.  1]1 scm]c illstjallces the M) r)ulscs  <lid IIot stra(ldl(  t IJC locking lmlldwidt}t slid lm
usc’f~ll  rcsult,s  WCIC obtailm] fmn tl]osc m] mrimcnis.

l’i~ure 5 ])]ots tlw average  voltage, (I)lIasc)  using a solid line eve] cacl) of tlIC 250 I) UISPS for a cmlt ml cxlmrimcnt
wllcrc tllc il)jcctioll  l]oH1 was tcrlnillatcxi As cx])cchd,  I)car  tllc l)cgillnillp,  and (Jli(li))g of tllc data tllc diflcrmlm
frcqllcl  icy is larp,c cmougl] to ]woducc  at least a com])lctc cycle acres: tl]c ])ulsc  a] Id Ycro  average ~wlta~c is obt aincxl.
IM wcml ])[IISCS  50 fil]d 100 the diffmmcc  frcx]umwy  is slltall and {rely tlJc JandOIIJ  ])l~lsc to ])UISC  pha.sc jitter c)f
tl]c p,yrotrm) is seel). No ])UISC to l)UISC ccmclation  is observed al Id the a\’crajI,c lwltagc fluctuat  [:s wildly across
tllc clltire  allowable mixer range of 0.35 (0 -(1.25 volts. Note tf]c ftlct tl)at tl)csc: tmm voltages arc not symlnctric,
indicatiltg  a ]m]l ideal lnixcr  wit]l some finite  oflkct vo]tap,  c. !l’llis ]dot is cxactll wlIal OIIC would CX1,CC4  for the
control  m]minlmlt ~vitll 1}0  il]jcctio]l ]mwm. ‘1’lIC stancla] d dcviat ion of tl)r volta~,(’ sa]nl)lcs 011 cad]  pulse is also
l)lot,tcd o]] t IIc figure, (dasl)cd curve).
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IFigurr 6 ])]ots  tl)c sa]nc in for]tiat iol] for tile case whcli tlw tcl [nil]atiol) is I c]llovcd a]]d 60 lVatts are illjcctcd
into tl)c Syrotrml. NON’  a constant phase ])rogrcssio]]  cm’ming t lie full n)ixcv I allge (180 dc~,rcm),  is seen fmll
]J(IISC  IIIIIIIIXY  50 to 1 (il. ‘1’llis 114 ])UISC interval  tl]cu rc])lcscnts  tl)~ lockil]~, lmlld~ridtll, \\llicll  ill this case I) CCOIIICS
44] k}lz. It call also l)c  olmrwd  t l~at at tllc higl] cmd of the lock rmlge, llca] ]julsc l]u]I]l)cr  I(K), tllcrc is a region
u’llcrc i)jt cnl]it  tcl]t locliillg occurs. ‘1’llis can lw at t ril)ut ml to tllc ])UISC  to ])ulsr+ [is WC]]  as tllc IoI)X term  stability



of t 11P gy’ot roll fl(!qmlcy. W.mulilmtioll  o f  tllc iudividua] pu]scs  ill tllc lockill:  I ;IIIp,c SI1OWS tl)at tllc Imlkaviour
]Jrcdictcd ill 11’igurc 4 is olmcrvcd,
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I~igurc6:  Measured  ]Jl)ascdiflercllccf(,:  (io\Vattsi))j(tt(ci,

l’ig~lrc  i’ I)lots t lw mixer voltage for four re]~rcsc:lltatil~~ ]Julscs  C:i])t urcd dllri) l:, t I]c cx])crimcllt  cliscusscd  almvc?.
AscaIl L)CSCCVI  fmu l~ig~lrc!  61>~llsc ll(ltlll~c;r 3isuulockcd aud morctllau :1 colt~])lct(,cyclcofl.)cat  no t e  isvisiblc
across tl]c ])u Isc. I’UISCS 75, 120, aI]rl 140 rc])rescnt  locked pulses. ‘J’} Icy firf, lclat,il,[~]y flat,, with  all al~crage  volt,agc
t]lat  is pro]mrtiolla]  to t,llc ~)lla,sc diffcrcllcc bctwcm  the illjcc.tiol] aud outl)ut sip,llals.  As was lioted  earlier tl~is
voltage varies fro~n a lnaxilllum,  pulse 75, througl]  zero, f)])]jl(~xi]l,a tc:ly})lllsf 120, aIId to :i l[)iuilouul ])UISC 140 ,
as the lock ra]lgc is traversed.

111 all 12 of tllc(:x],crilllcllts ]noduccd  useful results. ‘llcscd; :ta arc tahulatcd I)clow,  alollgwit,ll  tlmorctica]
]~r(>clictiollsfl{j]~t  Acllcl’scc~l~atioll,  using,au  o[]t])llt]>o}i[,lof  ]001:J3°  aud a Qof 2500.”

A s  call h SU:lI  ill t]lctf~[)](t]lcrc:  is roug])  agrcclumt  kmtwccl  t]l(’CX]  )ClilllC1l[:l]  v:ilucsof lockil]g balldwric]t]i
aIId tl)c tllmrctica] ]mdict,  ions, Smtlc of tlm clisagrmmlcut  u)ay h duc to ILiodulalt)r  voltage ri])])lc.  It dots a])]mar
that tllc locking Imlldwidtl] isslllil)kill~s oll)e~]~llat  lCSS rtl])idly tlli]l  ,f~~,~. I)ut fllltllcr  studicslllus( lwconducted
lwf(wca (lcfillitil~cst,at(lllcllt  cm bclnadc.
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5 DISCIJSSION

‘1’]]is c:x])cri]]]c:]]t, ]las (Ic:l]lc)llstrat,ccl the viability of illjcct,ioll locking a gyrotrol] os(ill:itor  to a low ])owcr  Source
usill~ a quasi-o] )t,ic.t~] circulator. lJnlike ~nm~io~ls mct]locls.  this met hod is Jmactica] for C;M7 Ol)c!ratjoll at, t,hc~ ]00-
~()() ~\]7 ]cw], ]11 OIC]CI  tO ]) NK(w]  to C14’ ol)cratic)ll  tl]c q u a s i - o p t i c a l  circl]lator  Ilscd  ill tl]is  Cx{wrilnellt  nlust  be

rcq)laccd wit,])  a rcflcct,  iv[,  tyl )(:,8 mrllich  lnny h cfficimltly coo]cd.

Ihr practical  a])]dicatiolls  such as t hose discussed ill tl)c il,tro,luctic)ll  a g~,rot Nni v,it,ll a lower Q and ltmcc
la rge r  IOcliillg ballc]wicit,ll is dcsiral~lc. (3]Ic cxaInl)lc is a I)arian VGA S003, wit,]]  all cs(,ill)at,cd  Q of 275. Using
Adlcr’s cquatic)ll, a),d all i]lject,io]l  ])owcr  of 1 kT17 at 34.5 GIIz, a,ld 200”1<11’ o[lt ])ut lmNcr, a I.ml)dwiclt,l] of 18
Nfl]z is aclliclal)lc>.  ‘J’l]is a])])roacl)es  t,llc hal~dwicltll rcquirccl  for ])]:mct,ary  raclar :111(]  radio  scicllcc Cx])erilllcllts.
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